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Problem 

The  problem  addressed  in  this  research  program  is  to  understand  the  dissem¬ 
ination  of  agents  which  are  exposed  to  a  high  Mach  number  air  stream  (between 
about  M  =  3  and  M  =  8)  at  high  altitudes.  It  is  known  that  a  liquid  mass  is 
reduced  to  a  droplet  cloud  in  hundreds  of  microseconds.  It  is  believed  that 
considerable  amounts  of  vapor  or  mist  are  produced,  but  that  the  mechanisms 
of  breakup,  the  distribution  of  drop  sizes,  the  volume  fractions  of  mist  and  va¬ 
por  and  the  precise  effects  of  thickening  agents  on  the  droplet  distribution  and 
breakup  mechanism  are  not  known.  The  unknowns  are  inputs  for  computer 
codes  designed  to  predict  how  the  droplet  clouds  are  disseminated,  where  they 
will  drift  and  the  condition  and  size  of  the  droplets  that  ultimately  reach  the 
ground. 

The  objectives  which  were  put  forth  in  our  research  proposal  were  to  build 
a  shock  tube  facility  with  a  Mach  8  capability,  to  instrument  it  with  systems 
capable  of  analyzing  the  breakup  mechanics  and  the  resulting  droplet  clouds, 
and  thereby  to  obtain  precise  information  about  the  formation  of  droplet  clouds 
under  conditions  met  in  high  speed  and  high  altitude  breakup  through  carefully 
controlled  experiments  on  the  breakup  of  thickened  TEP  and  other  liquids.  We 
anticipate  that  controlled  studies  of  this  type  will  give  us  the  information  we 
need  about  droplet  sizes  at  times  of  the  order  of  10  to  1,000  microseconds  after 
impact  under  a  variety  of  ambient  conditions.  We  also  think  that  these  experi¬ 
ments  will  reveal  what  mechanisms  are  at  work  during  breakup.  These  experi¬ 
ments  are  important  because  there  is  a  great  difference  between  the  breakup  of 
organic  liquids  (solvent)  and  thickened  liquids  (solvent  plus  polymers).  Organic 
liquids  shatter  into  small  drops  and  mist  at  high  Mach  numbers,  but  at  the 
•  highest  Mach  numbers  tested  so  far  (slightly  supersonic),  viscoelastic  fluids  are 
pulled  into  threads  but  don’t  shatter.  It  is  important  to  see  if  and  how  these 
threads  persist  in  the  severe  conditions  behind  a  strong  shock.  We  expect  to 
obtain  (possibly  the  first)  data  for  thickened  agents  up  to  Mach  8  in  our  shock 
tube  facility. 
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The  objectives  for  the  first  year  of  this  program  were  to  design  and  construct 
the  shock  tube,  followed  in  subsequent  years  by  calibration,  installation  of  diag¬ 
nostic  systems,  and  a  broad  range  of  experiments  on  the  breakup  of  a  variety  of 
liquids  under  a  range  of  intercept  conditions.  With  funding  for  the  second  and- 
third  years  of  the  program  being  suspended  our  progress  has  been  limited  to 
the  first-year  component  of  the  project.  We  have  built  the  shock  tube  and  have 
carried  out  (so  far)  45  shots  for  calibration  purposes.  Recently  we  have  acquired 
funds  from  the  National  Science  Foundation  and  the  University  of  Minnesota  to 
purchase  a  very  high  speed  drum  camera  and  a  laser  plus  optical  components 
for  the  development  of  a  particle  field  holography  system  to  measure  droplet 
size  distinctions  after  breakup. 

Shock  Tube 

An  overall  view  of  the  shock  tube  is  shown  in  Fig.  1.  Both  the  high  pres¬ 
sure  driver  section  and  the  low-pressure  channel  are  built  up  from  sections  of 
extruded  6063-T6  aluminum  tube.  The  facility  consists  of  a  driver  section  that 
can  be  varied  in  length  between  6  and  10  feet,  a  double-diaphragm  section,  a 
low  pressure  channel  with  a  maximum  length  capacity  (governed  by  the  size  of 
the  laboratory)  of  34  feet,  a  windowed  test-section  approximately  two  and  a  half 
feet  in  length,  and  a  dump  tank  with  a  volume  of  approximately  40  cubic  feet. 

The  complete  tube  (driver,  diaphragm,  channel,  and  test  section)  is  sup¬ 
ported  by  ball-bearing  carriages  which  ride  on  a  precision  rail.  The  rail  in  turn 
is  mounted  on  a  6-inch  aluminum  I-beam  which  is  attached  through  leveling 
screws  to  a  set  of  five  concrete  columns.  This  arrangement  allows  for  accu¬ 
rate  leveling  of  the  whole  tube  while  giving  ease  of  movement  of  the  complete 
tube  system  for  replacement  of  the  diaphragms  and  for  accommodating  different 
lengths  of  the  system. 

In  its  normal  configuration  the  channel  consists  of  5  sections  of  6-foot  lengths 
of  tube  bolted  together  by  means  of  flanges  which  are  kept  in  place  using  keys 
and  key  seats.  A  selection  of  channel  lengths  is  available  using  6-,  4-,  and  2-foot 
sections. 

The  tube  has  a  novel  cross-sectional  shape,  selected  to  keep  the  stresses  in 
the  walls  as  low  as  possible  and  to  give  the  greatest  flow  area  for  the  cross-section 
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that  could  be  extruded,  while  retaining  flat  side  walls  for  continuity  with  the 
windows  in  the  test  section,  as  shown  in  Fig.  2.  The  outside  of  the  tube  has  a 
circular  cross-section  5.0  inches  in  diameter.  The  distance  between  the  flat  side 
walls  is  3.000  inches;  the  upper  and  lower  walls  are  circular  arcs  with  diameter 
3.760  inches. 

The  driver  section  is  usually  a  single  6-foot  length  of  the  same  extruded 
aluminum  tube.  It  is  sealed  at  the  upstream  end  by  a  plate  that  bolts  onto 
the  upstream  flange,  and  in  which  a  port  connects  to  piping  from  the  vacuum 
pump  and  the  compressed  gas  cylinders.  A  2-D  finite-elements  analysis  of  the 
tube  has  shown  a  maximum  internal  admissible  pressure  of  4000  psi,  twice  the 
maximum  pressure  that  we  intend  to  use  in  the  driver  section.  To  verify  the 
strength  of  the  system,  two  short  sections  connected  by  a  flange  assembly  were 
hydro-tested  at  4000  psi. 

The  shock  tube  is  fired  by  means  of  a  double  diaphragm  system  in  which 
the  intermediate  section  is  filled  to  half  the  driver  section  pressure.  When  the 
system  is  ready  to  be  fired,  a  solenoid  valve  connected  to  the  intermediate 
section  is  used  to  drain  that  section,  making  the  up-stream  diaphragm  too 
weak  to  withstand  the  pressure  differential.  Once  the  up-stream  diaphragm  heis 
ruptured,  the  second  one  ruptures  immediately.  With  opening  time  of  about  10 
ms,  the  solenoid  valve  can  be  used  to  synchronize  the  arrival  of  the  shock  in  the 
test  section  with  the  liquid  drop  falling  in  the  test  section. 

The  test  section,  which  can  be  seen  in  Fig.  3,  is  built  around  a  2-1/2-foot 
length  of  the  extruded  aluminum  tube,  and  is  designed  to  prevent  any  distortion 
under  internal  pressure,  thus  allowing  14-inch  glass  windows  to  be  used.  The 
design  incorporates  flat  upper  and  lower  external  surfaces,  thereby  facilitating 
the  mounting  of  auxiliary  equipment,  such  as  the  drop  injection  system,  on  the 
test  section.  The  design  also  makes  it  easy  to  remove  the  windows  at  any  time. 

Drop  Injection  System 

A  novel  device  has  been  built  for  the  injection  of  a  liquid  drop  of  known 
volume  into  the  test  section  at  a  predetermined  time.  The  injector,  shown 
schematically  in  Fig.  4,  consists  of  a  hypodermic  syringe  whose  plunger  dis¬ 
placement  is  controlled  by  a  micrometer.  The  hypodermic  drives  liquid  into  a 
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small  diameter  tube  which  projects  into  the  test-section  from  above.  A  drop  of 
known  volume  is  formed  at  the  end  of  this  tube.  Upon  receiving  a  signal  from 
a  pressure  transducer  in  the  channel,  triggered  by  passage  of  the  shock  wave, 
a  fast-acting  solenoid  withdraws  the  tube  at  high  speed,  leaving  the  drop  sus¬ 
pended  momentarily  in  the  test  section  before  it  begins  to  move  under  gravity. 
The  activation  of  the  solenoid  is  timed  to  occur  just  prior  to  the  shock  wave 
reaching  that  point  in  the  test  section.  The  complete  device  is  enclosed  within 
a  cylinder  in  which  the  pressure  is  equalized  to  the  pressure  in  the  test  section 
of  the  shock  tube.  The  drop  injection  system  is  mounted  on  the  upper  surface 
of  the  test  section,  as  shown  in  Fig.  3. 

Shock  Tube  Calibration 

We  have  established  a  set  of  standard  operating  procedures  for  the  shock 
tube,  and  so  far  we  have  carried  out  45  shots  for  calibration  and  repeatability 
purposes.  From  these  we  have  established  a  set  of  twelve  test  conditions  that  we 
will  use  in  the  initial  phase  of  the  breakup  investigations.  These  are  summarized 
in  Fig,  5.  They  cover  a  shock  Mach  number  range  of  2  to  5,  using  either  Helium 
or  Nitrogen  as  the  driver  gas  and  air  as  the  driven  gas.  This  range  of  shock  Mach 
numbers  covers  most  of  the  live  intercept  conditions  that  might  be  anticipated. 
The  shock  tube  simulations  of  live  tests  is  discussed  briefly  in  the  last  section 
appended  to  this  report. 

Current  Status  and  Next  Phase  of  Program 

We  have  completed  the  first  phase  of  the  research  project  described  in  our 
original  proposal.  We  now  have  a  shock-tube  facility  and  drop  injection  sys¬ 
tem  to  carry  out  aerodynamic  breakup  experiments.  In  the  meantime,  we  have 
started  to  develop  the  flow  diagnostic  equipment  that  we  require.  To  this  end  we 
have  recently  obtained  funds  from  the  National  Science  Foundation  to  purchase 
a  rotating  drum  camera  (200,000  frames/sec)  and  the  components  required  for 
making  and  interogating  holograms  in  applying  particle  field  holography  tech¬ 
niques  to  the  cloud  of  liquid  droplets  created  by  the  aerodynamic  breakup.  We 
shall  continue  to  seek  funds  to  continue  and  complete  our  program  on  aerody¬ 
namic  breakup  of  viscoelastic  liquids.  The  problem  is  significant  because  with- 
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out  more  precise  knowledge  of  the  mechanisms  and  consequences  of  breakup 
and  the  condition  of  the  droplet  cloud  immediately  after  breakup,  we  will  not 
be  able  to  predict  or  control  the  dissemination  of  agents. 


Personnel 

The  following  scientific  personnel  participate  in  this  project: 
Regent’s  Professor  Daniel  D.  Joseph 
Professor  Gordon  S.  Beavers 
Assistant  Professor  Jacque  Belanger 
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APPENDIX 


SHOCK  TUBE  SIMULATION  OF  LIVE  TESTS 

The  shock  tube  is  a  simple  and  versatile  device  for  simulating  the  critical  parameters  that  influence 
liquid  breakup  at  intercept  conditions  and  for  conducting  systematic  parametric  studies  of  the 
relative  importance  of  those  parameters.  Referring  to  the  figures  associated  with  the  sample 
calculation  given  on  the  following  page,  in  the  live  situation  the  conditions  at  the  liquid  slug  are 
those  generated  by  passage  from  known  ambient  conditions  through  a  shock  wave  of  known 
strength.  In  the  shock  tube  experiments  the  appropriate  "ambient"  conditions  are  generated  behind  a 
moving  normal  shock  wave,  the  strength  of  which  is  chosen  to  establish  selected  test  conditions  at 
the  liquid  drop.  Two  initial  settings  of  the  shock  tube  can  be  used  to  match  these  test  conditions. 
They  are: 

(1)  the  initial  pressure  in  the  shock  tube  (Pi),  and 

(2)  the  initial  shock  wave  Mach  number  (a  particular  Mach  number  is  achieved  by 

suitable  choice  of  the  pressure  ratio  between  the  driver  and  driven  sections  of  the 

shock  tube). 

A  sample  calculation  for  the  simulation  of  an  incoming  long  range  missile  at  10,000  meters  altitude 
at  M  =  6.2  is  shown  on  the  following  page.  For  the  results  presented  there  the  initial  pressure  (Pi) 
and  shock  Mach  number  (Ms)  have  been  fixed  so  that  the  pressure  (P2)  and  temperature  (T2)  in  the 
region  behind  the  normal  part  of  the  bow  shock  match  the  live  test  conditions.  By  doing  this 
particular  matching,  the  dynamic  pressure  (q)  of  the  flow  in  front  of  the  drop  is  closely  matched  with 
the  q  from  the  live  tests  (about  5%  higher  in  the  shock  tube  experiments).  The  flow  velocity  (V2) 
behind  the  bow  shock  is  not  well  reproduced  in  this  case  but  additional  tests  could  be  performed  to 
look  specifically  at  the  importance  of  this  parameter. 

To  illustrate  the  ease  of  generating  in  the  shock  tube  simulations  covering  the  full  range  of  intercept 
conditions  we  summarize  in  Table  1  five  cases  of  missile  intercept  test  conditions  using  typical 
reentry  trajectory  data.  They  go  from  the  long  range  missile  threat  at  high  altitude  (case  no.  1)  to  the 
ones  for  lower  altitude  intercept  and  for  shorter  range  missile.  The  five  test  conditions  shown  here 
do  not  represent  in  any  way  the  limitations  of  the  shock  tube.  Tests  reproducing  long  range  missile 
flying  at  M  =  8  and  dynamic  pressure  over  a  million  (1x10^)  N/m^  can  readily  be  performed  in  our 
present  facility.  We  also  note  that  for  the  drop  sizes  which  we  will  use  in  the  shock  tube 
(approximately  2.5  mm  and  larger)  the  flow  Reynolds  number  in  the  shock  tube  experiments  will 
always  be  higher  than  SxlO^.  This  Re  is  well  into  the  turbulent  regime  (>1x10^)  which  means  that 
the  shock  tube  experiments  will  be  in  the  same  turbulent  regime  as  the  live  tests. 

For  the  examples  presented  above  we  have  chosen  to  match  the  pressure  (P2)  and  temperature  (T2), 
but  we  could  just  as  easily  match  other  parameters.  For  example,  if  the  dynamic  pressure  (q)  turns 
out  to  be  a  primary  parameter,  it  is  straightforward  to  match  it  perfectly  with  the  live  tests.  In  that 
case,  the  pressure  in  the  shock  tube  experiment  (P2)  would  be  off  by  a  few  percent  but  the 
temperature  (T2)  could  still  be  matched  exactly.  Again,  if  it  turns  out  that  the  velocity  parameter 
(V 2)  needs  to  be  matched,  it  could  be  achieved  but  the  temperature  would  then  be  significantly  off 
compared  to  the  live  tests.  The  enormous  benefit  of  these  shock  tube  experiments  is  that  they  will 
allow  us  to  study  the  effects  of  all  these  parameters.  Even  though  the  actual  "free  stream"  Mach 
number  cannot  be  matched  in  the  shock  tube  experiments,  the  flow  conditions  experienced  by  the 
liquid  drop  are  closely  simulated.  A  systematic  study  of  both  the  "free  stream"  temperature  and 
velocity  (the  two  variables  in  the  Mach  number)  will  determine  which  one  of  these  parameters  is  the 
most  important.  A  more  extensive  parametric  study  will  allow  us  to  determine  which  parameters  are 
critical  from  the  point  of  view  of  simulations.  This  study  could  then  be  used  to  limit  the  number  of 
parameters  needed  to  be  examined  in  field  experiments. 


Shock  Tube  for  Studies  of  Drop  Breakup: 
Live  tests  and  shock  tube  experiments  comparison 


Live  test  conditions 


Incoming  long  range  missile  at  M  =  6.2  ( h  =  10,000  m) : 

-  The  numerical  values  are  presented  in  the  initial  drop  velocity  frame  of  reference. 

-  The  region  2  test  conditions  are  evaluated  just  downstream  of  the  normal  shock  in 
front  of  the  drop. 


Ml  =6.2 
Pi  =26.5kPa 
Ti  =223K 
Vi  =  1860  m/s 

q  =  7.2x10^  kg/ms^ 

M2  =  0.403 
P2  =1184kPa 
T2  =  1877K 
V2  =  350  m/s 


Shock  tube  experiments 

The  flow  establishment  around  the  drop  is  achieve  by  two  successive  processes: 

1  -  Row  acceleration  using  the  shock  tube 

-  The  region  1  conditions  are  the  initial  conditions  in  the  shock  tube  before  the  firing. 

Ms  =4.35 
Pi  =19kPa 
Ti  =  295  K 
Vi  =0  m/s 

Mr  =  1.60 
Pr  =416kPa 
Tr  =  1362K 
Vr  =  1180  m/s 

2  -  How  establishment  around  the  drop  after  the  initial  shock  wave  passage 

-  How  conditions  presented  in  the  initial  drop  velocity  frame  of  reference,  which  is 
the  lab.  frame  of  reference. 


Initial  shock  wave  (Ms) 
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Mr  =  1.60 
Pr  =416kPa 
Tr  =  1362K 
Vr  =  1180  m/s 

q  =  7.4x10^  kg/ms^ 

M2  =0.669 
P2  =1171kPa 
T2  =  1888K 
V2  =582  m/s 


Test  Cond. 

1 

2 

3 

4 

5 

Threat 

Long  Range 

Long  Range 

Mid-Range 

Short  Range 

Short  Range 

Altitude  (km) 

15 

10 

5 

15 

10 

Live  Tests 

Ml 

6.9 

6.2 

4.4 

5.2 

4.8 

Pi  (kPa) 

12.1 

26.5 

54 

12.1 

26.5 

Ti  (K) 

217 

223 

255 

217 

223 

Vi  (ra/s) 

2036 

1860 

1408 

1534 

1440 

q  (N/m2) 

4.04x105 

7.19x105 

7.34x105 

2.29x105 

4.31x105 

M2 

0.398 

0.403 

0.426 

0.413 

0.418 

P2  (kPa) 

670.1 

1184 

1211 

379.7 

707.9 

T2  (K) 

2213 

1877 

1199 

1345 

1208 

V2  (m/s) 

374.9 

295.3 

302.9 

292.1 

Shock  Tube 

Ms 

4.75 

4.35 

3.40 

3.60 

3.40 

Pi  (kPa) 

8.6 

19 

40 

10.5 

23 

Ti  (K) 

295 

295 

295 

295 

295 

V 1  (m/s) 

0 

0 

0 

0 

0 

Mr 

1.64 

1.60 

1.45 

1.49 

1.45 

Pi'  (Id’a) 

224.9 

416.3 

532.8 

157.0 

306.4 

Tr  (K) 

1571 

1362 

938 

938 

1300 

1180 

889.5 

951.5 

889.5 

q  (N/m2) 

4.23x105 

7.44x105 

7.86x105 

2.44x105 

4.52x105 

M2 

0.657 

0.669 

0.719 

0.705 

0.719 

P2  (kPa) 

667.7 

1221 

mmm^m 

T2  (K) 

2223 

1888 

1208 

1338 

1208 

V2  (m/s) 

619.9 

581.8 

500.2 

515.9 

500.2 

Table  1. 


Live  tests  and  shock  tube  experiments  comparison. 


r. 


FIG.  1  Shock  tube  facility 


FIG.  2(a)  Channel  section  with  key  and  flange  assembled 


FIG.  2(b)  Channel  cross-section. 


FIG.  3 


Shock  tube  test 


section  with  liquid  injection  system 
in  place 


FIG.  4  Schematic  of  liquid  injection  system 


Test  Conditions 


FIG.  5  Test  conditions  for  first  phase  of  breakup  experiments 


